Genome-wide association studies (GWASs) have identified multiple single nucleotide polymorphisms (SNPs) associated with colorectal cancer (CRC) susceptibility. However, the elucidation of causal SNPs and the biological mechanisms behind are still limited. In this study, we initially performed systematic bioinformatics analyses on CRC GWAS-identified loci to seek for potential functional SNPs located at transcription factor binding sites (TFBSs), and then a two-stage case-control study comprised of 1353 cases and 1448 controls of Chinese populations and functional analyses were conducted. As a result, only one SNP rs6695837 out of the nine candidate SNPs survived after two-stage analyses by Bonferroni correction. In combined analyses, rs6695837 exhibited significant associations with CRC risk (TT: CC, odds ratio (OR) = 1.31, 95% confidence interval (CI) = 1.06-1.63; dominant model, OR = 1.21, 95% CI = 1.03-1.43; additive model, OR = 1.15, 95% CI = 1.03-1.28). Functional annotations by RegulomeDB and rSNPBase indicated its biological role and dual-luciferase reporter assays revealed a significant increase in luciferase expression for the reconstructed plasmid with rs6695837T allele, compared with the one with C allele (P SW480 = 0.0002, P Lovo = 0.0003). Further gene expression analyses demonstrated significantly higher expression of LAMC1 gene in CRC tumor tissues than that in adjacent non-cancerous tissues (P = 0.0004). These findings strongly suggest that the functional SNP located at TFBSs, rs6695837 might contribute to CRC susceptibility, and the exact biological mechanism awaits further research.
Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males and the second in females, with an estimated 1.36 million cases and 693 900 deaths worldwide occurring in 2012 (1) . In China, the latest estimate of new CRC cases and deaths in 2015 were 376 300 and 191 000, accounting for 8.77% and 6.79% of overall new cancer cases and deaths, and both ranking fifth of all cancers (2) . With the progressive 'westernization' of lifestyles, the incidence of CRC in China is sharply increasing these years. Even worse, the 5-year survival rate of CRC in China is only about 44%, which is much lower than those in the highincome countries (above 65%) (3) . Therefore, CRC has become a major public health problem in China.
It is well established that sporadic CRC is a complex trait influenced by genetic and environmental factors and their interactions (4) (5) (6) (7) (8) . Recent progress through the application of genome-wide association studies (GWASs) has identified a number of common variants involved in the etiology of CRC (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . However, due to the design principles of GWASs, they can only explain a small fraction of the overall heritability due to the limited statistical power, and the single nucleotide polymorphisms (SNPs) associated with CRC by GWASs may not be the causal variants, especially those located in the 'gene desert', making it a challenge to interpret the biological relevance of susceptibility loci and link them with the disease etiology (5, 22) . Therefore, it is critical to leverage other information to more effectively prioritize GWAS signals to explore real causal variants and better understand disease mechanisms, which is called 'post-GWAS' era (23) . It has been estimated that about 80% of the SNPs identified by GWASs are located in non-coding regions of the genome (24, 25) , which implies the relevance to gene regulation (26, 27) . Among which, transcription factor binding sites (TFBSs) on DNA play a central role in gene regulation via their sequencespecific interactions with transcription factor (TF) proteins (28) . High-throughput functional assays such as chromatin immunoprecipitation assays followed by sequencing (ChIP-seq) and DNase I-hypersensitive site (DHS) sequencing (DNase-seq) can experimentally detect functional regions such as TFBSs, and experimental evidence shows that SNPs in these regions lead to differences in TF binding between individuals (29) . On the other hand, the Encyclopedia of DNA Elements (ENCODE) project, aiming to delineate all functional elements encoded in the human genome, has systematically mapped regions of transcription, TF association, chromatin structure and histone modification, and thus provides an expansive resource of functional annotations for biomedical research (30) . Accordingly, we proposed our hypothesis that SNPs located at TFBSs might contribute to CRC risk by impacting on TF regulations and gene expressions. In this study, we first performed systematic bioinformatics analyses on susceptibility loci identified by CRC GWASs to screen out candidate SNPs that had potential impact on TF regulations, through integrating multiple types of data from ENCODE project, dbSNP database and TFBS prediction software Match, and then a twostage case-control study, functional annotations and biological experiments were conducted to identify the causal SNPs and explore the underlying biological mechanism.
Materials and methods

Bioinformatics analyses
Location of CRC susceptibility region
Firstly, we downloaded CRC-associated SNPs from US National Human Genome Research Institute Catalog of Published GWAS (http://www.ebi. ac.uk/gwas/) up to 31 December 2013. A total of 47 candidate SNPs with genome-wide significance level P < 10 -6 were retrieved (Supplementary  Table 1 
TFBSs of CRC susceptibility regions
TF ChIP-seq data were downloaded from the ENCODE project (https:// www.encodeproject.org/) to obtain the overall TFBS peaks of human genomes. Since CRC cell lines only have a small part of TF ChIP-seq data, and the experiments represented cross-sectional studies on the process of gene transcription substantially, we downloaded the ChIP-seq data of all the cell types to obtain more comprehensive information. Notably, if there were repeated experiments, intersections of these results were extracted to guarantee the accuracy of the data.
Core TFBSs in CRC susceptibility regions
In general, the peak length of the ChIP-seq data is about 400 bp, while TF typically recognizes dozens of base pairs of specific DNA sequences (32) , which could be regarded as core TFBS. Therefore, we retrieved all the DNA sequences overlapping the TFBS peaks of CRC susceptibility regions from National Center for Biotechnology Information, and predicted the core TFBSs by Match tool (33) .
Regulatory SNPs selection
All the SNPs and their corresponding physical positions of human genomes were downloaded from dbSNP database, and then we extracted the SNPs located at the predicted core TFBSs. Considering that TFs generally bind to the specific sequences of 5′ upstream of the genes, we further restricted the locations of candidate SNPs within 5 kb upstream of the transcription start sites of the genes. In addition, we removed the SNPs with minor allele frequency of CHB ≤ 0.05. Finally, we checked the linkage disequilibrium among these SNPs by HaploView v4.2, and the SNPs in strong linkage disequilibrium with each other (r 2 ≥ 0.80) were considered redundant and only one was reserved by the command 'tagger'.
Study participants
In this study, we performed two-stage case-control analyses to evaluate the associations between candidate SNPs and CRC risk. The stage 1 study consisted of 585 newly diagnosed CRC patients and 680 cancer-free controls. CRC patients were consecutively enrolled between 1 January 2010 and 30 November 2013 at Tongji Hospital of Huazhong University of Science and Technology, Wuhan, and controls were recruited randomly from the same hospital at the time of a routine healthy screening, part of which have been involved in our previous studies (34) (35) (36) (37) . The stage 2 study included 768 CRC cases and 768 cancer-free controls. The patients were from the Beijing region and were collected at the Cancer Hospital, Chinese Academy of Medical Sciences, Beijing, between 1 January 2009 and 31 August 2012. Controls were selected from a community cancer screening program for early detection conducted in the same region during the same period as cases were collected. All participants were unrelated Han Chinese descent, and the inclusion criteria included histopathologically confirmed primary CRC, without any radiotherapy or chemotherapy treatment prior to blood samples collected, and no restrictions to gender, age or disease stages. Controls were frequency matched to CRC patients on gender and age (±5 years). At recruitment, written informed consent was obtained from every participant, and peripheral blood samples and demographic characteristics such as gender, age, ethnicity and history of smoking were collected by interviewers. Individuals who never smoked or who smoked an average of less than one cigarette per day and less than one year before the date of cancer diagnosis for cases or before the date of the interview for controls were defined as non-smokers; otherwise, they were considered as smokers. This study was conducted under the approval of the institutional review boards of Tongji Medical College of Huazhong University of Science and Technology and the Chinese Academy of Medical Sciences Cancer Institute.
Genotyping
Genomic DNA was extracted from 2 ml peripheral blood sample collected from each participant at recruitment, using the RelaxGene Blood 
Functional annotations from other sources
For the significant SNPs identified above, we initially employed RegulomeDB (http://regulome.stanford.edu/), which integrated highthroughput, experimental datasets from ENCODE and other sources, as well as computational predictions and manual annotations, to identify putative regulatory potential and functional variants. Conveniently, this tool scored variants to help identify functional variants visually (38) .
Next, we applied another tool rSNPBase (http://rsnp.psych.ac.cn/), which focused on regulatory SNPs involved in a wide range of regulation types, including proximal, distal and post-transcriptional regulation, to identify their potentially regulated genes (39) .
Plasmid reconstruction
The DNA sequence of 500 bp within both sides of the SNP rs6695837 wild type was extracted from UCSC Genome Browser (http://genome. ucsc.edu/, accession number: NT_004487.19), and the DNA sequence synthesis and site-specific mutagenesis at rs6695837 were performed using specific PCR primers (Genewiz, Suzhou, PR China), which were shown as follows: PCR primers for rs6695837 T: A19315-5-1: CAGGTGCCAGAACATTTCTCTATCGATAGGTACCAGAGAGCATATAATCCC; A19315-5-34: ATGCCAAGCTTACTTAGATCGCAGATCTCGAGCGGGGCCCC. PCR primers for rs6695837 C: A19315-7R: CCCAAGCAGAGAGGATGCGCA TAGTGAATGACACGGATTTGTTTTG; A19315-7F: TCCGTGTCATTCACTAT GCGCATCCTCTCTGCTTGGGGACGCCA. Moreover, the site mutagenesis was proved through the sequencing results and alignment files of the two target sequences, provided by Genewiz company (Genewiz, Suzhou, PR China). Then these two target sequences were cloned into pGL3-Basic vector (Promega, Madison, WI, USA), respectively.
Cell cultures, transient transfections and dual-luciferase reporter assay
Two human CRC cell lines, SW480 and Lovo, obtained from the China Center for Type Culture Collection (Wuhan, PR China) were cultured in Modified Eagle's Medium (DMEM, Gibco, Waltham, MA, USA) with 10% fetal bovine serum and 1% antibiotics (100 U/ml Penicillin and 100 μg/ ml Streptomycin) under conditions of 5% CO 2 at 37°C. Both cell lines have never been passaged longer than 3 months and have been tested routinely by DNA sequencing using the Applied Biosystems AmpF/STR Identifier kit and last checked in September 2015. Negative control pGL3-Basic and reconstructed plasmids containing rs6695837 wild type or mutation type were respectively co-transfected with pRL-SV40 vector, which expressed renilla luciferase as the transfection control, using Lipofectamine 3000 Reagent (Invitrogen, Waltham, MA, USA) after planting in 24-well plates for 24 h. Cell extracts were prepared 48 h after transfection, and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. The ratio of firefly to renilla luciferase signal was calculated to normalize firefly activity for intra-experimental transfection efficiency. All experiments were performed three times in triplicate.
LAMC1 expression levels
We downloaded the LAMC1 gene expressions from Gene Expression Omnibus DataSet Browser (http://www.ncbi.nlm.nih.gov/sites/ GDSbrowser/). The expression profiles were extracted from array analysis of 17 paired CRC tumors and adjacent non-cancerous tissues.
Statistical analysis
For case-control study, SNPs with genotyping call rates <90% or those that deviated from the Hardy-Weinberg Equilibrium (HWE) in controls (P < 0.05) were excluded. The HWE for genotypes in controls was assessed by a goodness-of-fit χ 2 -test. Pearson's χ 2 -test, Fisher's exact test or t-test was adopted to examine the differences in demographic variables and distributions of genotypes between cases and controls, when appropriate. Multivariable logistic regression analysis was applied to estimate odds ratio (OR) and the corresponding 95% confidence interval (CI) for the association between each SNP and CRC susceptibility, with adjustment for gender, age group and smoking status. All genetic models, including codominant, dominant, recessive and additive models were calculated simultaneously. In order to avoid the increased risk of type II error, we did not apply the multiple comparisons in stage 1. The significant levels in stage 2 were corrected with Bonferroni method for multiple comparisons for HWE and association analyses, and a P-value lower than the significant level was considered statistically significant in the analyses. All the analyses above were performed by IBM SPSS Statistics v18.0 (SPSS, Chicago, IL, USA) and the statistical power to detect the associations of the SNPs was calculated by Power v3.0.0 (40, 41) . For functional experiments, t-test was applied to compare the differences between groups, and P < 0.05 was defined as statistically significant. The statistical results and the corresponding images were acquired using GraphPad Prism v6.01 (GraphPad Software, San Diego, CA, USA, www.graphpad.com).
Results
Selection of candidate SNPs
In total, 35 622 324 TFBS peaks in human genomes were obtained through ENCODE database. Next, we extracted 37 383 TFBS peaks located at CRC susceptibility regions, among which 147 SNPs were located at the core TFBSs. After filtering these SNPs with several criteria mentioned in the Materials and methods, nine candidate SNPs were screened out ultimately for further research. The information of these SNPs and the corresponding TFs they bound were shown in Table 1 .
Characteristics of study participants
The characteristics of the study participants were summarized in Table 2 . In both stages, no significant differences were found between cases and controls for gender and age. There were more smokers in cases than those in controls, and marginal and significant associations were detected between smoking and the increased risk of CRC in stage 1, stage 2 and combined stages respectively, after adjusted by gender and age group (stage1: OR = 1.32, 95% CI = 0.99-1.76, P = 0.055; stage 2: OR = 1.41, 95% CI = 1.10-1.79, P = 0.006; combined: OR = 1.37, 95% CI = 1.14-1.64, P = 0.0009).
Association analysis between individual SNP and CRC risk
In stage 1, the call rates of all the seven SNPs were >90%, and the genotypes of these SNPs in controls were consistent with HWE (P > 0.05). For each SNP, we calculated the statistical power for our sample size to detect an OR of 1.50, and found that all the SNPs had sufficient power (>90%) to detect the real effects except rs12035498 (65.3%; Supplementary Table 2 is available at Carcinogenesis Online). Similarly, apart from SNP rs12035498, the other six SNPs showed significant associations with CRC risk, under one or more genetic models (Table 3) . Therefore, these six promising SNPs were further analyzed in stage 2.
Given the significant deviation from the HWE in controls (5.09 × 10 -8 ) in the procedure of quality control of stage 2, SNP rs12245518 was not analyzed any further. The rest five SNPs had adequate genotyping call rates and also sufficient statistical power (Supplementary Table 3 is available at Carcinogenesis Online). After Bonferroni correction, only SNP rs6695837 exhibited significant associations with the increased risk of CRC, under codominant and dominant model (CT: CC, OR = 1.42, 95% CI = 1.13-1.80, P = 0.003; dominant model, OR = 1.40, 95% CI = 1.12-1.75, P = 0.003). Besides, nominal associations were also observed in other models (TT: CC, OR = 1.35, 95% CI = 1.00-1.81, P = 0.048; additive model, OR = 1.19, 95% CI = 1.03-1.38, P = 0.020, Table 4 ).
When combining two stages together, as shown in Table 5 
Functional annotations from other sources
The RegulomeDB score of rs6695837 was '1f', which meant that it was 'likely to affect binding and linked to expression of a gene target'. In addition, rSNPBase result showed that there might be proximal transcriptional regulation between rs6695837 polymorphism and laminin γ1 (LAMC1, formerly LAMB2), the nearest gene located downstream of the SNP. Therefore, we examined whether this SNP would have an impact on LAMC1 promoter activity using the following dual-luciferase reporter assays.
Dual-luciferase reporter assay
As shown in Figure 1 , we found that both the reconstructed plasmids containing rs6695837 C allele and T allele drove significantly higher luciferase expression compared with the negative control pGL3-Basic (all P < 0.0001 in two CRC cell lines). Moreover, we observed a significant increase in luciferase expression for the reconstructed plasmid with rs6695837 T allele in comparison to the one with C allele in both cell lines (P =0.0002 and 0.0003 for SW480 and Lovo cell lines, respectively).
LAMC1 expression and CRC susceptibility
Using the expression profiles downloaded from Gene Expression Omnibus DataSet Browser, we found that there was a significantly higher expression of LAMC1 gene in 17 CRC tumor tissues than that in adjacent non-cancerous tissues (P = 0.0004, Figure 2 ).
Discussion
Tumorigenesis is a quite complicated process requiring alterations in gene expression programs. Misregulation of TFs can lead 
to the acquisition of tumor-related properties on account of the essentiality of TFs in driving these gene expression programs (42) . In the present study, we sought for candidate SNPs, located at TFBSs of the susceptibility loci identified by CRC GWASs, which had potential impact on TF regulations by bioinformatics analyses, case-control study and biological experiments. As a result, our study demonstrated that a functional SNP rs6695837 might contribute to the increased risk of CRC. SNP rs6695837 is located 2 Kb upstream of LAMC1 gene, a large gene spanning 122 Kb and containing 28 coding exons, which encodes the gamma chain isoform laminin, gamma 1, a member of laminins. Laminins, a family of extracellular matrix glycoproteins, are the major non-collagenous constituent of basement membranes. They have been implicated being involved in a wide variety of biological processes, including cell adhesion, differentiation, migration, signaling, tumor invasion, angiogenesis and metastasis (43) (44) (45) . LAMC1 is mutated in ~5% of CRC and differential expression linked to the development of metastatic CRC (http://www.cbioportal.org/public-portal/).
The most significant tagSNP rs10911251 of this locus was first identified by Peters et al. (21) , with promising association (OR, 1.10 per risk allele; P = 9.5 × 10 -8 ). Afterwards, Whiffin et al. (46) integrated their genome-wide meta-analysis with previously published data and confirmed rs10911251 to be CRC risk SNP, with association attaining genome-wide significance (OR, 1.09 per risk allele, P = 1.75 × 10 -8 ). Moreover, another SNP rs10911205, correlated strongly with the tagSNP (r 2 = 0.81 for Europeans), was identified as a potential functional candidate (21, 46) . rs6695837, the CRC risk SNP demonstrated by our present study, though rarely reported in previous studies, was in moderate linkage disequilibrium with rs10911251 and rs10911205 (r 2 = 0.65; r 2 = 0.67, respectively), inquired from the online database of 1000 Genomes for CHB. What is more, the functional annotations by RegulomeDB and rSNPBase and dual-luciferase reporter assays provided reliable evidence of the potentiality of rs6695837 in the susceptibility of CRC. And more notably, the significant higher expression of LAMC1 gene expression in tumor tissues indicated the biological plausibility, for the T allele of rs6695837 was associated with the increased risk of CRC, and drove significantly higher luciferase expression.
Our study had its own advantages. Firstly, the ChIP-seq data for bioinformatics analyses were downloaded from ENCODE project, which provides with high-quality, comprehensive and freely accessible annotations of candidate functional elements in the human genome. The bioinformatics analyses in the present study were therefore more reliable. Secondly, rs6695837 was not only detected to be risk SNP in both stages and combined stage of case-control study, but the statistical power of each stage was sufficient enough to make the results more robust. Thirdly, we characterized the function of SNP rs6695837, making the association of this SNP with the risk of CRC biological plausible. Despite of these strengths mentioned above, some limitations should be noted. Firstly, the insufficient information about environment factors, such as drinking status, family history, even the smoking status that adjusted in the present analyses, which was merely categorized as binary variable, limited our further evaluation of gene-environment interactions. Secondly, the dual-luciferase reporter assays could only indirectly support the association. Due to the lack of profiles of LAMC1 or other genes expressions in tumor and normal tissues of these subjects, the relationships among rs6695837, expressions of target genes and CRC risk remained to be clarified. Thirdly, although bioinformatics analyses have shown that rs6695837 was located within the TFBSs for the TF Max, we did not validate this specific binding through biological experiments. Finally, the susceptibility regions were defined based on HapMap SNP dataset in the present study, but we would apply the more comprehensive dataset 1000 Genomes instead in future, which might provide more potentially functional SNPs that would be worth further exploring.
In conclusion, our bioinformatics analyses, combined with the following two-stage case-control study and functional analyses, highlighted that SNP rs6695837 might contribute to CRC susceptibility by acting as a TFBS and exerting an effect on LAMC1 promoter activity. Further exploration on its function is needed to clarify the biological mechanism behind.
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Supplementary data are available at Carcinogenesis online. Asterisks indicate a significant change (P = 0.0004).
